is about a 100-fold better electron acceptor for ALR than oxygen when DTT is the reducing substrate. Herein we discuss that this poorly understood flavoenzyme may not function as a sulfhydryl oxidase within the mitochondrial intermembrane space, but may communicate with the respiratory chain via the mediation of cytochrome c.
INTRODUCTION TO SULFHYDRYL OXIDASES

Sulfhydryl oxidases
Sulfhydryl oxidases catalyze the formation of disulfide bonds at the expense of molecular oxygen [1] [2] [3] [4] [5] [6] :
Quiescin-like flavin-dependent sulfhydryl oxidase (QSOX) enzymes are found in all multicellular organisms investigated to date [6] [7] [8] [9] [10] . These proteins represent an ancient fusion [9] of thioredoxin modules with a domain termed ERV [essential for respiration and vegetative growth in yeast [11] or ALR [augmenter of liver regeneration [12, 13] . A comparison of several sequences of this domain is presented in figure 1.1. Following the recognition that quiescin Q6 was a flavin dependent sulfhydryl oxidase [10] , yeast ERV1p and ERV2p [14] [15] [16] [17] [18] and mammalian ALR [19] were found to be diminutive FAD-linked sulfhydryl oxidases. Crystal structures of the ERV2 [20] and ALR [21] revealed a new helix-rich fold that houses the core sulfhydryl oxidase activity with a FAD binding site and a conserved proximal CxxC motif adjacent to the isoalloxazine ring. While ERV1p, ERV2p and ALR appear to be relatively weak stand-alone sulfhydryl oxidases [14, 16, [18] [19] [20] , the fusion with two thioredoxin domains in QSOX generates a facile, direct, catalyst for oxidation of a seemingly unlimited array of reduced proteins and peptides [6, [22] [23] [24] .
Sulfhydryl oxidases: cellular locations
These sulfhydryl oxidases have a range of cellular locations. QSOX enzymes have been reported in the ER of multicellular organisms [6, 7] , within the Golgi [25] , at the plasma and nuclear membranes [7] , and secreted from the cell [6, 8, 26, 27] . ERV2p is found largely in the ER of yeast [15, 18, 28] where it participates in oxidative protein folding. In contrast, ALR is located primarily in the mitochondrial intermembrane space, as is its direct counterpart in yeast (the essential protein ERV1p) [17, 29, 30] . At this location, ERV1p is involved in some aspect of the assembly or trafficking in Fe/S centers destined for cytosolic Fe/S proteins [17] . Mammalian ALR has also been found in the cytosol [31] , in the nucleus [31, 32] and as a secreted growth factor [33] [34] [35] [36] . ALR appears to have multiple roles in the regulation of cell growth and differentiation [17, 19, 30, 33- 
PURIFICATION AND CHARACTERIZATION OF AUGMENTER OF LIVER REGENERATION
This unusual diversity of proposed functions for ALR makes it the most enigmatic of those sulfhydryl oxidases, which show homology with QSOX. Here, we build upon the ALR/ERV1p family with a further characterization of human ALR. Our work on the fundamental redox behavior of ALR has also uncovered an intriguing new activity of ALR of possible relevance to some of its physiological functions. 
Experimental Procedures
Materials
General
Unless otherwise stated, all buffers were 50 mM potassium phosphate, pH Structures were visualized with DS ViewerPro (Accelerys).
Determination of Midpoint Potentials
Solutions of 15 µM of the C74-85 double mutant short-form ALR in 0. 
Enzyme Assays
ALR was assayed in a Clarke-type oxygen electrode (YSI 5331) and oxygen monitor (YSI 5300) in 2 mL of air-saturated 50 mM potassium phosphate (pH 7.5, 0.3 mM EDTA, 25 °C). A background trace followed the non-enzymatic oxidation of thiol before the addition of enzyme. Thiol substrates were prepared freshly in distilled water and were standardized using DTNB.
Protein Expression
Starter cultures (5 mL in Luria-Bertani media containing 50 µg ampicillin/mL) were grown overnight at 37°C and used to inoculate each of four 2 L flasks containing 500 mL of the same media supplemented with 5 µM riboflavin.
When the absorbance at 600 nm reached 0.6, the cells were induced with 1 mM IPTG and incubated for an additional 5.5 h at 37 °C. Cells were harvested at 4000 g for 30 min at 4 °C.
Preparation of Cellular Extract
Cells (10 g) were resuspended in 25 mL of 50 mM potassium phosphate buffer, pH 7.5, containing 300 mM NaCl, 0.1 mg/mL lysozyme, and general-use protease inhibitor cocktail (Sigma). The cells were disrupted with two passes through a French Press at 10,000 psi. After brief sonication to shear DNA, the cell lysate was centrifuged at 6000 g for 30 min.
Refolding of Long Peptide Linker ALR
ALR with the long peptide linker forms inclusion bodies. After centrifugation, the cell debris was resuspended in 25 mL of 50 mM phosphate buffer, pH 7.5, without EDTA but containing 8 M urea, 10 mM DTT and 2 mM FAD. The resulting suspension was dialyzed for a total of 22 h against two changes of the same buffer without additions and then centrifuged at 6000 g.
Purification of ALR
The crude cell extract, or the reconstituted inclusion body dialyzate, were made 10 mM in β-mercaptoethanol and mixed with Invitrogen probond resin (1mL of resin for every 8 mL of solution). After mixing end-over-end for 1 h at 4 °C, the resin was loaded into a column and washed with 4 mL aliquots of the following solutions: three washes of 50 mM phosphate containing 300 mM NaCl, 10 mM β-mercaptoethanol, 10 mM imidazole, pH 7.5; three of the same solution without NaCl; and one wash omitting β-mercaptoethanol. The column was then developed with single 5 mL aliquots of phosphate buffer without salt or β-mercaptoethanol 
Stopped-Flow Spectrophotometry
Reactions were followed at 25 °C in a Hi-Tech Scientific SF-61 SX2 double mixing stopped-flow system using software from Hi-Tech. Prior to anaerobic experiments, the driving syringes and flow cell were soaked for several hours with 
Results and Discussion
Construction Expression, and Purification of Human ALR.
The majority of published work on ALR, including the recent crystal structure [2] , has been performed with the short form of the protein which lacks an 80-residue extension at its N-terminus. For our initial characterization of the redox behavior of ALR, we have chosen this form because it can be readily expressed heterologously in E. coli [3] and it allows a ready comparison with earlier work. In these prior studies, HIS tags have been appended to either N-or C-termini of mammalian ALR [3] . We have largely used an N-terminal tag MGGSHHHHHHGMAS identical to that chosen for crystallization trials of the rat ALR protein [4] . However, some preliminary experiments were conducted with a longer N-terminal linker (see Materials and Methods). To date, we have observed no significant differences in catalytic or redox behavior between the two tagged forms. The shorter construct typically gave 25-30 mg of >95% purified protein/L of medium. Approximately 85% of the protein induced by IPTG was found to be soluble under the growth conditions used (see Methods). In contrast, the longer linker ALR construct formed inclusion bodies in E. coli and was refolded and reconstituted with flavin before purification as described in Methods. It proved very prone to re-aggregation and was only used in initial experiments. . An alternate strategy to avoid aggregation is described later.
Preliminary Characterization of Human ALR
Homology Model and Disulfide Connectivity in Human ALR
Since human and rat ALR show about 86% sequence identity, a threaded minimized estimate of the structure of the dimeric human protein based on the rat Panel B is that proposed by Chen et al. [7] . The flavin ring is shown schematically next to the proximal disulfide C62-65.
A recent paper [7] proposed a pattern of disulfide bond connectivity in human short-form ALR that conflicts with that reported in the crystal structure of its rat counterpart [5] . This alternative connectivity (panel B, Figure 2. 3) was deduced from the mass of proteolytic peptides derived from ALR that was not alkylated prior to digestion. Unfortunately, confounding disulfide exchange reactions can readily occur in the presence of free thiols during denaturation and prolonged digestion. Notwithstanding this technical issue, the new proposed and replace it with C85-91. Third, the homology model in Figure 2 .2 shows that the proposed C85-91 disulfide could not be accommodated within the alpha-helix that runs from residues 82-101 in ALR.
Experimental evidence is also inconsistent with the model in Figure 2 .3B. Further, evidence supporting interchain bridges comes from SDS-PAGE of the protein constructs as described in Figure 2 .4. Like a human ALR-GFP fusion reported by Lisowsky and colleagues [3] , wild type human ALR is a dimer in the absence of 2-mercaptoethanol, but a monomer in its presence (lanes 3 and 2, Figure   2 .4, respectively). However both C15A and C124A mutants run as monomers in the presence or absence of reductant (lanes 6-9, Figure 2 .4). In summary, the structural and biochemical evidence described above contradicts the model suggested by Chen et al. [7] and is completely consistent with the connectivity shown in panel A of Figure 2 .3.
Finally, a general comment about the disulfide bonds in ALR is relevant here. It is unusual that an intracellular, but non-ER resident, eukaryotic protein contains structural disulfide bonds. The short form of ALR has apparently four per dimer. Surveys of disulfide bonds in proteins show that they are typically buried (>70% of them are solvent inaccessible) [8, 9] . However a number of the disulfides of ALR appear solvent accessible (using a 1.4 Å probe radius; not shown) and it will be interesting to learn their redox state within the mitochondrial intermembrane space (see later).
Figure 2.4:
SDS-PAGE of recombinant wild-type ALR and selected cysteine to alanine mutants. Samples were run using an 18% crosslinked gel. All of the ALR samples ran in the 10-40kDa region of the gel shown here. Lanes 1 and 10 were markers. ALR samples in even-numbered lanes from 2-9 were pre-reduced with 2-mercaptoethanol. Lanes 2 and 3; wild-type ALR; lanes 4 and 5; C74A/C85A double mutant; lanes 6 and 7: C15A ALR; lanes 8 and 9: C124A ALR. The faint dimer formation in lane 9 may reflect a small amount of disulfide crosslinking after SDS denaturation in the absence of 2-mercaptoethanol. 
DTT Oxidase Activity of the Thiol Mutant of ALR
Identification of the physiological substrate(s) for ALR represents an important unresolved issue (see later). In prior work, human ALR showed a turnover number of about 4 disulfides generated/min using reduced lysozyme in 2 M urea [10] . We have used DTT here because it gives turnover numbers in the 50-75/min range, is a convenient substrate, and provides a number of interesting insights into ALR catalysis. Table 2 .1 shows that neither k cat nor K m for DTT oxidation show large differences between wild type and single, double or quadruple cysteine mutant proteins. All of these constructs retain the active site CxxC motif.
Lisowsky and colleagues [3] , Chen et al. [7] and Wu et al. [5] have prepared both these active site mutants and report that they show undetectable sulfhydryl oxidase activity. Accordingly they have not been pursued here.
Two of the constructs in Table 2 
Rationale for Using the C74A/C85A Double Mutant of Human ALR
As mentioned earlier, C74 and C85 in human ALR are not conserved in other ALRs and can both be mutated to alanine residues without significant impact on DTT oxidase activity. These two free surface-reactive cysteines cause slow aggregation of human short-form ALR under aerobic conditions. Thus the thiol titer drops from 2/subunit to 1.1 over one day in aerobic buffer (pH 7.5, 0.3 mM EDTA, 4 o C) and progressive aggregation is evident from both gel filtration, SDS-PAGE under non-reducing conditions, and light scattering experiments (not shown). While we can reverse this tendency of human ALR to self-oxidize using DTT, or minimize the effect with storage under nitrogen, it proved more convenient to perform subsequent studies with the C74A/C85A double-mutant (see Methods). 
Dithionite Titrations of ALR
Photochemical Reduction
A similar picture emerges from catalytic photoreduction using deazaflavin (see Methods). First, the flavin of ALR was completely reduced (curve 1, Figure   2 .6); further anaerobic illumination had no apparent effect on the visible spectrum of the enzyme (or the subsequent stoichiometry of oxidative titrations, not shown).
The solution was then titrated with standardized anaerobic potassium ferricyanide. Dutton and colleagues have argued that electron transfer rates between redox centers are comparatively little influenced by the medium which separates them, but strongly influenced by driving force and edge to edge distance between reacting groups [15, 16] . In dimeric ALR the closest distance between isoalloxazine rings A and B is about 19 Å and this would correspond to an isopotential electron transfer rate of about 10/sec ( [16] ; this is roughly 10-fold faster than catalytic turnover; Table 2 .1). Even if this theoretical rate were overestimated by 100-fold it would still be fast enough to account for the appearance of blue semiquinone in 
DTT Reduction under Anaerobic and Aerobic Turnover Conditions
A New Enzymatic Activity for ALR
We considered another possible explanation for the appearance of the flavin semiquinone in Figure 2 
Conclusions
This work presents the first detailed examination of the redox behavior of ALR and shows that only 2-reducing equivalents can be easily delivered to the short form of the human protein compared to the 4-electrons expected from the additional presence of the proximal disulfide (C62-65). Similarly, a proteolytic fragment of QSOX containing the ERV/ALR domain was also found to only undergo 2-electron reduction using either dithionite or the deazaflavin light method [23] . In both examples, the flavin is clearly the center with the most positive redox potential. In neither case are thiolate to flavin charge-transfer complexes observed on 2-electron reduction. Instead, both ALR and the QSOX fragment yield the blue semiquinone during reductive titrations, although only traces are seen in the latter case [23] .
Identification of the physiological substrates for mammalian ALR is an important ongoing exercise [3, 5, 7, 24] . In addition to a proposed role in Fe/S traffic [24] , ALR might contribute in some way to the introduction of disulfides found in proteins residing in the intermembrane space: including thionein [25, 26] , TIM10 [27] , TIM13 [28] and superoxide dismutase [29] . In terms of electron acceptors for ALR, our work suggests that ALR may not necessarily function as a sulfhydryl oxidase in the mitochondrial intermembrane space. Thus, while cytochrome c is often used as a non-physiological oxidant for flavoproteins in vitro, in the present case ALR is located in the same cellular compartment, as almost millimolar concentrations of cytochrome c [30, 31] . A significant amount of this cytochrome c is "free" [32] , and in its oxidized form [33] . This abundance of an apparently preferred substrate of ALR contrasts with the 2-10 µM levels of oxygen that prevail in the mitochondrion of respiring tissues [34] . Even at air saturation (240 µM oxygen), 100 µM oxidized cytochrome c strongly suppresses oxygen consumption by ALR (evident from the initial lag in Figure 2 .10).
In sum, these data suggest that cytochrome c should be considered as a potential oxidant for ALR in vivo. In this mode ALR-mediated oxidations could then be coupled to the respiratory chain without the generation of hydrogen peroxide observed in the oxidase reaction. Further work will examine the long form of human ALR to see whether the additional N-terminal CxxC motif modulates the redox behavior and catalytic versatility of this interesting flavoenzyme.
